Background: Whether suppression of glucose production by metformin is through AMPK-dependent inhibition of gluconeogenic gene expression remains controversial. Results: Metformin inhibits gluconeogenic gene expression in hepatocytes. Conclusion: Low metformin concentrations found in the portal vein suppress glucose production via AMPK-dependent mechanism. Significance: The hyperglucagonemia of diabetes mellitus decreases metformin suppression of glucose production through a PKA-mediated phosphorylation of the AMPK ␣ subunit at Ser-485/497.
Diabetes is the fastest growing chronic disease worldwide. The prime goal in the treatment of patients with diabetes is to control their high blood glucose levels as close to the normal range as possible so as to reduce the occurrence of complications. Metformin, a derivative of guanidine, is currently the most widely prescribed oral antidiabetic agent. Guanidine compounds are the active ingredients in French lilac (Galega officinalis), a plant that has been used as a folk medicine in the treatment of diabetes for several centuries. The biguanide class of drugs (two fused guanidine rings) includes metformin and phenformin and has been used to treat diabetes since the 1950s. In the 1970s, phenformin was withdrawn from the market due to the emergence of lactic acidosis as a serious side effect (1) . Metformin was first used in Europe and was approved by the Food and Drug Administration (FDA) for the treatment of diabetes in the United States in 1994. Now, over 150 million people worldwide take this medication. This drug has also received attention because many studies have shown a reduction in cancer incidence in patients with diabetes mellitus treated with metformin (2) (3) (4) (5) .
After oral administration, the plasma concentration of metformin peaks within 1 h in humans and in animals (6 -8) , achieving a plasma concentration of 10 -40 M in humans following a therapeutic dose (7, 9) . Because metformin is absorbed from the gastrointestinal tract and delivered directly to the liver through the portal vein, the plasma metformin concentration in the portal vein is somewhat higher (40 -80 M) (8) . Many studies have demonstrated that the major effect of metformin is to suppress glucose production in the liver (10) , reducing hepatic glucose production (HGP) 3 by over 60% in a euglycemic clamp study (11) . In 2001, Zhou et al. (12) reported that metformin is able to increase the net phosphorylation of the AMPK catalytic ␣ subunit at Thr-172, a crucial phosphorylation site in the activation of AMPK, and activate AMPK activity in primary hepatocytes; also, hepatic knock-out of LKB1 (liver kinase B1), the upstream kinase for AMPK␣ phosphorylation at Thr-172, abolishes metformin suppression of hepatic glucose production (13) . Furthermore, activation of AMPK results in the phosphorylation of CRTC2 (CREB-regulated transcription coactivator 2) and CBP (CREB-binding protein), which then inhibit gluconeogenic gene expression (14, 15) .
Metformin has also been proposed to inhibit complex 1 of the mitochondrial respiratory chain, leading to an increase in the ADP/ATP ratio (16, 17) . The increment in this ratio leads to phosphorylation of AMPK␣ at Thr-172 and increased AMPK activity (18, 19) . In 2010, however, a study showed that metformin inhibits hepatic gluconeogenesis through a mechanism that does not involve suppression of gluconeogenic gene expression (20) . Furthermore, metformin suppressed glucose production in primary hepatocytes lacking AMPK␣1 and AMPK␣2, and the authors proposed that inhibition of mitochondrial complex 1 by metformin results in a decrease in ATP levels together with an increase in the AMP/ATP ratio, which then both directly suppress gluconeogenesis. These results challenge the role of LKB1-AMPK in mediating metformin suppression of hepatic gluconeogenesis (20) . However, long term metformin administration did not affect the mitochondrial complex 1 activity both in the liver of mice and in the muscle of humans (21, 22) . In studies proposing an AMPKindependent mechanism, the authors employed metformin concentrations (1-2 mM) that were 10 -100-fold higher than maximal concentrations achieved in the hepatic portal vein after standard therapeutic dosing, and the high concentration of metformin used in these studies has raised safety concerns. 4 In the current study, we tested 1)whether metformin at therapeutic concentrations is able to suppress expression of genes related to gluconeogenesis and 2) whether metformin directly affects AMPK␣ subunit phosphorylation at Thr-172 to suppress glucose production in hepatocytes.
EXPERIMENTAL PROCEDURES
Plasmids and Adenoviruses-The BLOCK-iT adenoviral RNAi expression system (Invitrogen) was used to construct adenoviral shRNAs for AMPK␣1 and AMPK␣2, LKB1, and scrambled shRNA as we previously described (23) . For the generation of adenoviral expression vectors of WT and mutant AMPK␣1, the AMPK␣1 gene was cloned into a pENTR2B vector (Invitrogen). AMPK␣1S485A and ␣1S497A were created using site-directed mutagenesis (Stratagene) and transferred into the pAd/CMV/V5-DEST vector (Invitrogen) by recombination to generate expression clones.
Glucose Production Assays-Mouse primary hepatocytes were cultured in William's medium E supplemented with ITS (BD Biosciences) and dexamethasone. After 16 h of planting, primary hepatocytes were subjected to 3 h of serum starvation. Cells were washed twice with PBS, and then the medium was replaced with 1 ml of glucose production medium consisting of glucose-free DMEM supplemented with 20 mM sodium lactate (Sigma) and 2 mM sodium pyruvate (Sigma) or with metformin (Alexis Biochemicals), 0.2 mM Bt-cAMP (Sigma), or 5 nM glucagon (Sigma). In assays with 3 h of metformin pretreatment, metformin was added to FBS-free DMEM medium (5.5 mM glucose) during the serum starvation and added to the glucose production medium. In assays with 24 h of metformin pretreatment, metformin was added into DMEM medium (5.5 mM glucose) plus 10% FBS for 21 h followed by two washes with PBS. After 3 h of serum starvation in DMEM (5.5 mM glucose) supplemented with metformin, cells were washed twice with PBS, and the 1-ml glucose production medium was supplemented with metformin and Bt-cAMP. After a 3-4-h incubation with glucose production medium, both medium and cells were collected. The medium was used to determine glucose concentrations with EnzyChrom glucose assay kit (24) .
AMPK Activity Assay-The FLAG-tagged protein and AMPK protein were immunoprecipitated from cell lysates using anti-AMPK␣ antibody or anti-FLAG M2 monoclonal antibody (Sigma) after incubation overnight at 4°C. AMPK activity was determined by measuring the incorporation of 32 P into the synthetic SAMS peptide (Abcam) as described previously (25) . Briefly, immunoprecipitates were incubated at 30°C for 20 min in the presence of [ 32 P]ATP (1 Ci), AMP (200 M), and with or without SAMS peptide (200 M). Aliquots of the reaction mixture were spotted on Whatman p81 phosphocellulose filter papers, which were dropped immediately in 1% phosphoric acid for 20 min with rotation. Then, the wash was repeated twice followed by a 5-min wash in acetone. Filters were airdried, and radioactivity was counted in 3 ml of liquid scintillation fluid. The counts without the SAMS peptide were used as the background.
Nucleotide Measurement-ATP concentrations were determined using an ATP determination kit (Molecular Probes, Invitrogen) with modifications. Reaction buffer (25 mM Tricine buffer, pH 7.8, 5 mM MgSO 4 , 0.1 mM EDTA, and 0.1 mM sodium azide) was also used to determine the ADP and AMP concentrations using the previously described methods (26, 27) with modifications. After the treatment, primary hepatocytes were harvested in 1 N cold perchloric acid followed by an 80-s sonication. Samples were centrifuged at 13,000 ϫ g for 2 min. Supernatants were collected and neutralized with cold 1 N K 2 CO 3 to keep the pH at about 6 -8. First, AMP and ADP were converted to ATP in a 50-l reaction containing 1 unit of myokinase, 0.25 unit of pyruvate kinase, 0.2 mM dCTP, 0.3 mM phosphoenolpyruvate, and 5 l of samples and AMP standard. The reaction was incubated at room temperature for 30 min. Total ATP concentration was measured using a luciferase assay, and the reading was taken as A. Second, only ADP was converted to ATP in a 50-l reaction containing 0.25 unit of pyruvate kinase, 0.3 mM P-enolpyruvate, and 5 l of samples and ADP standard. The reaction was incubated at room temperature for 30 min. The ATP concentration was measured, and the reading was taken as B. Third, ATP concentrations in 5 l of samples and ATP standard were determined, and the readings were taken as C. The AMP concentration equals A minus B, whereas ADP concentration equals B minus C, where C is the actual ATP concentration in the sample. To measure cAMP levels in primary hepatocytes, hepatocytes were washed with cold PBS once, and cells were harvested in 0.1 N HCL by scraping. Cellular lysates were passed 15 times through a syringe needle to break the cells on ice, and then cAMP levels were determined by using the Direct cAMP ELISA kit (Enzo Life Sciences) following the manufacturer's procedures.
AMPK␣ Phosphorylation at Ser-485-For AMPK␣ phosphorylation at Ser-485 by the PKA catalytic subunit, purified AMPK␣1 was incubated with different amounts of PKA catalytic subunit (Millipore) at 30°C for 30 min followed by heating at 95°C to immediately inactivate the kinase activity.
Animal Experiments-All animal protocols were approved by the Institutional Animal Care and Use Committee of the Johns Hopkins University. C57 diet-induced obesity (DIO) mice at the age of 12 weeks were purchased from The Jackson Laboratory. Metformin was given to the mice through drinking water for 6 weeks (50 mg/kg of body weight). Mice were measured for weight gain every 7 days, and metformin concentrations in the drinking water were adjusted accordingly. Based on studies in The Jackson Laboratory, each DIO mouse drinks 7 ml of water per day. Mice were subjected to a 5-h fast before being sacrificed.
Real-Time PCR-The targeted mRNA levels were examined by quantitative real-time PCR using the CFX Connect TM Detection System (Bio-Rad). Total RNA was prepared using TRIzol reagent (Invitrogen). The iScript cDNA synthesis kit (Bio-Rad) was used for cDNA synthesis. Relative cDNA levels were determined using the SYBR Green master mix Solution (Bio-Rad), and we used the ⌬⌬Ct method to calculate relative levels of mRNA levels. A standard curve of 10-fold serial dilutions for each gene was generated to generate an efficiency value. Only data from experiments in which the efficiency was between 95-105% were used for data analysis.
Immunoblot-Immunoblots were conducted as described previously (23) . Cellular lysates were passed 15 times through a syringe needle or were sonicated for 15 s three times sequentially, and immunoblotted to examine the target proteins with antibodies against AMPK␣1, AMPK␣2, phospho-AMPK␣ (Thr-172, Ser-485), CREB, phospho-CREB (Ser-133) (Cell Signaling), Pck1, AMPK␣1, and LKB1 (Millipore) at the concentrations recommended by the manufacturers. Secondary antibodies were used at the concentrations recommended by the manufacturers at about 1:5000.
Statistical Analyses-Statistical significance was calculated with a Student's t test and analysis of variance test. Significance was accepted at the level of p Ͻ 0.05.
RESULTS

Metformin Suppresses Gluconeogenic Gene Expression-To
assess whether metformin is able to inhibit the expression of genes related to gluconeogenesis, we conducted glucose production assays and measured gluconeogenic gene expression in primary hepatocytes treated with metformin and the cAMP analog Bt-cAMP simultaneously as was done in a previous study (20) . In agreement with this study (20) , simultaneous metformin treatment inhibited Bt-cAMP-stimulated glucose production and the mRNA levels of G6pc (glucose 6-phosphatase catalytic subunit) in a concentration-dependent manner; in contrast, Pck1 (phosphoenolpyruvate carboxykinase 1) mRNA levels were not affected by metformin ( Fig. 1, a-c) .
Higher concentrations of metformin suppressed G6pc protein levels and mildly reduced Pck1 protein levels ( Fig. 1e , left panel). The mRNA and protein levels of G6pc correlated well with glucose production in primary hepatocytes treated with Bt-cAMP and metformin, but the mRNA and protein levels of Pck1 did not follow the same pattern of change.
Simultaneous treatment of primary hepatocytes with metformin and cAMP analogs, however, does not recapitulate usual therapy for patients with diabetes. Metformin is generally administered with food at night for the purpose of controlling the morning fasting blood glucose level, indicating that metformin achieves peak concentrations prior to an elevation in blood glucagon levels. We, therefore, treated primary hepatocytes with metformin 3 h before the addition of Bt-cAMP. As shown in Fig. 1 , a-c, a 3-h period of metformin pretreatment led to greater decreases in glucose production and mRNA levels for G6pc and Pck1 gene. Pretreatment with metformin for 3 h also led to a greater inhibition of the protein levels of G6pc and Pck1 (Fig. 1e, right panel) . Moreover, 24 h of pretreatment with metformin suppressed Bt-cAMP-stimulated glucose production and gluconeogenic gene expression to a greater degree ( Fig. 1, a-c) . In contrast, metformin did not significantly suppress Fbp1 mRNA levels ( Fig. 1d ).
To examine whether metformin is able to suppress gluconeogenic gene expression in vivo, high fat diet-fed (DIO) mice were administered orally with low dose of metformin (50 mg/kg) for 6 weeks. We found that administration of low dose of metformin significantly suppressed the mRNA levels of G6pc and Pck1 genes (Fig. 2, a and b) . In comparison, metformin administration did not significantly affect GAPDH mRNA levels, which served as an endogenous control ( Fig. 2c ).
Depletion of AMPK Catalytic ␣ Subunits Decreased the Effect of Metformin to Inhibit Glucose Production in Primary
Hepatocytes-Numerous studies have shown that metformin increases phosphorylation of the AMPK catalytic ␣ subunit at Thr-172, which then elevates AMPK enzymatic activity (12, 28) . LKB1 is a major kinase for Thr-172 phosphorylation, and accordingly, loss of LKB1 in the liver prevents AMPK activation by metformin (13) . Indeed, metformin failed to phosphorylate the AMPK␣ at Thr-172 after depletion of LKB1 by adenoviral shRNAs (Fig. 3a) . To assess whether AMPK is necessary for suppression of HGP by metformin, we employed adenoviral shRNAs to deplete the AMPK␣1 and AMPK␣2 subunits in primary hepatocytes (Fig. 3b ). Depletion of AMPK␣ subunits significantly decreased Thr-172 phosphorylation ( Fig. 3b ) and inhibition of Bt-cAMP-stimulated glucose production by metformin ( Fig. 3c ). These data suggest that at least part of the suppression of HGP by metformin is mediated by the AMPK pathway.
A Decrease in cAMP Levels Is Not Necessary for Suppression of Glucose Production by Metformin-A recent study proposed that metformin suppresses hepatic glucose production through inhibition of adenylyl cyclase by elevated AMP levels (29) . We and others demonstrate that metformin is still able to suppress glucose production stimulated by Bt-cAMP, a hydrolysis-resistant cAMP analog ( Fig. 1a) (20) , arguing that inhibition of adenylyl cyclase is not the mechanism for metformin suppression of glucose production. We next determined adenine nucle-otide levels in primary hepatocytes treated simultaneously with Bt-cAMP and metformin. Only at metformin concentrations that are unlikely to be achieved in the portal vein (0.5, 1.0 mM) are the AMP/ATP ratios increased significantly (Fig. 4a ), and only 1 mM metformin significantly decreased ATP levels ( Fig. 4, b and c) . In addition, metformin did not decrease cAMP levels in primary hepatocytes pretreated with met-formin 3 h before the addition of Bt-cAMP ( Fig. 4d ). Furthermore, we only observed significant decrease in cAMP levels after 1 mM metformin treatment, yet glucagon-stimulated glucose production was suppressed by much lower concentrations of metformin (Fig. 4, e and f) . These data do not support the notion that metformin inhibits HGP by decreasing cAMP levels (29) . 4) . b and c, primary hepatocytes were treated with Bt-cAMP and metformin simultaneously for 3 h. A high concentration of metformin (1 mM) decreased ATP (b) and total nucleotide levels (c) (n ϭ 4). d, metformin did not decrease the cAMP levels in primary hepatocytes pretreated with metformin for 3 h and then treated with metformin and 0.2 mM Bt-cAMP together for another 3 h (n ϭ 4). e and f, metformin significantly suppressed glucagon-stimulated glucose production at 0.25, 0.5, and 1 mM (e) after 4 h of 5 nM glucagon together with the indicated metformin treatment; however, only a high concentration of metformin (1 mM) significantly decreased cAMP levels (f) in primary hepatocytes (n ϭ 4). Error bars indicate mean Ϯ S.D. JULY 25, 2014 • VOLUME 289 • NUMBER 30
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High Metformin Concentrations Are Not Required to Suppress Gluconeogenic Gene Expression and Glucose Production in Primary Hepatocytes-High concentrations of metformin are routinely used in in vitro studies, which are 10 -100-fold higher than found in the hepatic portal vein (20, 29) . In contrast, it was reported that low metformin concentrations (Ͻ50 M) are able to activate AMPK activity (12) , and cAMP and AMP/ATP ratio are not affected at these concentrations (20, 29) . We confirmed that treatment with low concentrations of metformin resulted in the elevation of AMPK phosphorylation at Thr-172 and AMPK activity in primary hepatocytes (Fig. 5, a  and b) . Moreover, a 24-h pretreatment with low metformin concentrations significantly suppressed Bt-cAMP-stimulated glucose production ( Fig. 5c ) together with an increase in phosphorylation of AMPK␣ at Thr-172 ( Fig. 5d ). We employed a metformin concentration of 80 M, which corresponds to the maximal therapeutic metformin concentration in hepatic portal vein (8, 30) . Pretreatment with 80 M metformin for 24 h increased AMPK activity in primary hepatocytes (Fig. 5b) and significantly decreased the mRNA levels of G6pc and Pck1 after Bt-cAMP stimulation (Fig. 5 , e and f), without affecting the GAPDH mRNA levels (Fig. 5g) .
Consistent with the concept that activation of AMPK restores cellular energy balance, pretreatment with low concentration of metformin (80 M) increased the levels of nucleotides and ATP in primary hepatocytes without increasing the AMP/ATP ratio and the change of adenylate energy charge ( Fig. 6, a-d) . Moreover, pretreatment with 80 M metformin decreased glucose production stimulated by glucagon and did not affect the cAMP levels (Fig. 7, a and b) . Furthermore, metformin elevated adenine nucleotide levels in primary hepatocytes treated with glucagon without increasing the AMP/ATP ratio and the change of adenylate energy charge (Fig. 7, c-f ). Finally, depletion of AMPK␣1 and AMPK␣2 abolished metformin inhibition of either Bt-cAMP-stimulated or glucagon-stimulated glucose production, indicating that the metformin effect is AMPK-dependent at this concentration ( Figs. 5h and 7g ). . c and d, primary hepatocytes were grown in DMEM medium plus 10% FBS and metformin for 21 h and then FBS-free DMEM and metformin for 3 h followed by glucose production medium supplemented with 0.2 mM Bt-cAMP and metformin for another 3 h. Glucose production was measured in the medium (c) (n ϭ 4), and cellular lysates were subjected to immunoblot (d). pCREB, phospho-CREB. e-g, suppression of the Bt-cAMP-stimulated mRNA levels of G6pc (e), Pck1 (f), and GAPDH (g) in the primary hepatocytes pretreated with 80 M metformin and then with Bt-cAMP (n ϭ 4). h, in primary hepatocytes, 36 h after the addition of adenoviral shRNAs of AMPK␣1 and AMPK␣2 (ad-shAMPK1/2), metformin was added into DMEM medium plus 10% FBS for 21 h and then added to FBS-free DMEM for 3 h and glucose production medium together with 0.2 mM Bt-cAMP for another 3 h (n ϭ 3). * signifies that groups with the same treatment are significantly different (p Ͻ 0.05). NS, not significant. Error bars indicate mean Ϯ S.D. ad-shSCR, adenoviral scramble shRNA.
The Phosphorylation of AMPK Catalytic ␣ Subunit at Ser-485/497 by the cAMP-PKA Pathway Decreased Metforminmediated AMPK Activation-Pretreatment with metformin resulted in greater inhibition of Bt-cAMP-stimulated glucose production and gluconeogenic gene expression than simulta-neous treatment (Fig. 1, a-c) . Furthermore, metformin pretreatment led to greater AMPK phosphorylation at Thr-172, AMPK activation, and inhibition of Pck1 protein levels than simultaneous treatment (Fig. 8, a and b) . In addition, previous in vivo and in vitro studies have shown that activation of the ␤-adrenergic receptor decreased AMPK␣ phosphorylation at Thr-172 and AMPK activity in adipose tissue and cardiomyocytes (31) (32) (33) . In light of these data, we reasoned that cAMP might antagonize AMPK activation by metformin, and this might be important for clinical metformin usage because diabetic patients often have hyperglucagonemia. Furthermore, this might offer an explanation for why high concentrations of metformin in previous studies were needed to suppress the glucose production in hepatocytes (20, 29) . Therefore, we employed higher metformin concentrations that were used in previous studies (20, 29) . As anticipated, Bt-cAMP reduced Thr-172 phosphorylation of AMPK␣ by metformin during a time-course experiment (Fig. 8c) , and glucagon also reduced AMPK␣ phosphorylation at Thr-172 in a concentration-dependent manner (Fig. 8d) . To further prove that cAMP negatively affects AMPK activity, we overexpressed a FLAG-tagged AMPK␣1 subunit in Hepa1-6 cells. The FLAG-tagged AMPK␣1 subunit was immunoprecipitated from the cell lysates using an anti-FLAG antibody after the treatment with cAMP and/or metformin. We observed significant decreases in AMPK enzymatic activities by cAMP in both control-treated and metformin-treated groups (Fig. 8e ), which correlated with Thr-172 phosphorylation. Blockade of the cAMP-PKA pathway with PKA inhibitors, H89, or a competitive cAMP inhibitor (R p )-cAMP, increased AMPK␣ phosphorylation at Thr-172 ( Fig. 8, f-h) .
Previous studies have shown that PKA phosphorylates the AMPK␣ subunit at Ser-173, Ser-485, and Ser-497 (34) , and these phosphorylation events reduce Thr-172 phosphorylation and decrease AMPK enzymatic activity (34 -36) . Using LCMS/MS analysis, we mapped phosphorylation of these sites in FLAG-tagged AMPK␣1 subunit protein isolated from pri- 3) . Same-T, same treatment; Pre-T, pretreatment. b, in primary hepatocytes, 0.25 mM metformin (Met) was added to FBS-free medium during serum starvation in pretreatment group (Pre-Met). After washing with PBS, both 0.25 mM metformin and 0.2 mM Bt-cAMP were added in glucose production medium for another 3 h. p-AMPK␣, phospho-AMPK␣; ACC, acetyl-CoA carboxylase; pACC, phospho-ACC; pCREB, phospho-CREB. c, primary hepatocytes were treated with 0.5 mM metformin or together with 0.2 mM Bt-cAMP and harvested at the indicated time points. d, Hepa1-6 cells were grown in DMEM medium (5.5 mM glucose) plus 10% FBS for 16 h and then subjected to serum starvation for 2 h, and 0.5 mM metformin and the indicated amounts of glucagon were added for 4 h. e, 48 h after the addition of adenoviral FLAG-tagged AMPK␣1, Hepa1-6 cells were incubated with 0.5 mM metformin and 0.2 mM Bt-cAMP for 4 h. ip, immunoprecipitation. f, blockade of PKA by H89 increased phosphorylation of AMPK␣ at Thr-172. Primary hepatocytes were treated with 20 M H89 or vehicle (Veh) for 30 min prior to the addition of 100 nM glucagon. Cells were incubated for 3 h before harvest. g, the PKA competitive inhibitor-(R p )-cAMP (100 M) also blocked the negative effect of Bt-cAMP on AMPK phosphorylation at Thr-172. (R p )-cAMP was administrated 1 h before the addition of 0.2 mM Bt-cAMP in Hepa1-6 cells. h, H89 accentuated calyculin (protein phosphatase inhibitor)mediated phosphorylation of AMPK␣1 at Thr-172. Primary hepatocytes were incubated with H89 or H89 plus 50 nM calyculin (Cell Signaling) for 75 min before harvest. Error bars indicate mean Ϯ S.D. mary hepatocytes treated with Bt-cAMP ( Fig. 9a ). We detected phosphorylation of AMPK␣1 subunit at Ser-485 and Ser-497 ( Fig. 9, b and c) , but not at Ser-173 (data not shown), in primary hepatocytes. In an in vitro assay, PKA catalytic subunit phosphorylated purified ␣1 subunit at Ser-485 ( Fig. 9d ). Next, we investigated further whether phosphorylation of AMPK␣1 subunit at Ser-485 or Ser-497 by cAMP impedes phosphorylation of AMPK␣ subunit at Thr-172 using AMPK␣1 mutants (S485A and S497A). Mutation of either site abolished the negative effect of cAMP on AMPK␣ phosphorylation at Thr-172, and the S497A mutant also blocked phosphorylation of AMPK␣1 at Ser-485 ( Fig. 9, e and f) . These data are in good agreement with a previous study showing that mutation of either site prevented phosphorylation of the other site (37) . Moreover, Bt-cAMP had no effect on basal and metformin-stimulated AMPK activity and phosphorylation at Thr-172 of AMPK␣1S485A (Fig. 10a ). These data demonstrate that the cAMP-PKA pathway negatively regulates AMPK activity through phosphorylation of AMPK␣ at Ser-485. We went a step further to examine the effect of the ␣1S485A mutation on glucose production; overexpression of adenoviral AMPK␣1S485A led to an increase in metformin-mediated AMPK␣1 phosphorylation at Thr-172, and enhanced suppression of Bt-cAMP-stimulated glucose production in primary hepatocytes (Fig. 10b ).
DISCUSSION
AMPK plays a key role as a master regulator in cellular and whole organism energy homeostasis (12, 38) . To date, both AMPK-dependent and AMPK-independent mechanisms for suppression of hepatic glucose production by metformin have been proposed. We and others have proposed that metformin suppresses hepatic glucose production through activation of AMPK pathway to inhibit gluconeogenic gene expression (11, 13, 15) . In contrast, a study showing that metformin suppresses hepatic glucose production through AMPK-independent path-FIGURE 9. Phosphorylation of AMPK␣ at Ser-485/497 by cAMP decreased metformin-mediated AMPK activation. a, FLAG-tagged AMPK␣1 was immunoprecipitated (FLAG ip) from primary hepatocytes treated with 0.2 mM Bt-cAMP and was used to map the phosphorylation site(s). p-AMPK␣, phospho-AMPK␣; pCREB, phospho-CREB. b and c, identification of AMPK␣1 phosphorylation at Ser-485/497 by cAMP in LCMS/MS analysis. d, purified AMPK␣1 was incubated with different amounts of PKA catalytic subunit (PKAc; Millipore) at 30°C for 30 min. e and f, 48 h after the addition of adenoviral FLAG-tagged AMPK␣1 and its mutants, Hepa1-6 cells were subjected to 90 min of serum starvation, and then 0.5 mM metformin (Met) and 0.2 mM Bt-cAMP were added for 4 h. FLAG-tagged AMPK␣1 and its mutants were expressed at levels 5-fold higher than endogenous ␣1 levels.
way is based on results from AMPK␣1/␣2 knockout mice (20) . It is worth noting that metformin treatment completely suppressed Pck1 protein levels in primary hepatocytes from AMPK␣1/␣2 knock-out mice (20) , and this did not occur in primary hepatocytes from wild type control mice and also did not occur in primary hepatocytes with acute depletion of AMPK␣1/2 by adenoviral shRNAs (Fig. 3b ). Because Pck1 protein is a rate-limited enzyme in the gluconeogenic pathway, these results in the AMPK␣1/␣2 knock-out mice make other data in this study difficult to interpret. In addition, high concentrations of metformin were employed in studies in which metformin suppression of glucose production via the inhibition of mitochondrial respiratory chain complex 1 was proposed. However, it remains unknown how such a high concentration could be achieved in the portal vein given current dosing constrains. We found, in contrast, that low metformin concentration (Յ80 M) is able to suppress Bt-cAMP-or glucagon-stimulated glucose production in primary hepatocytes (Figs. 5c and 7a). Foretz et al. (20) also suggested that metformin suppresses hepatic glucose production by decreasing ATP levels through inhibition of complex 1 in the electron transport chain. However, other in vivo experiments in animals and in humans have shown that complex 1 activity was not inhibited and ATP levels were not affected by metformin, although AMPK␣ phosphory-lation at Thr-172 was significantly increased (21, 22) . Moreover and in contrast to these results, low metformin concentrations actually increased ATP levels (Figs. 6b and 7c) when compared with the ATP levels in hepatocytes treated with high concentrations of metformin (Fig. 4b ). These data are in good agreement with the concept that activation of AMPK restores energy levels and as a result also inhibits gluconeogenesis.
Acute depletion of both AMPK␣1 and AMPK␣2 significantly decreased the efficacy of metformin to suppress Bt-cAMP-stimulated glucose production ( Fig. 3c) , which indicates that AMPK is important in mediating metformin suppression of glucose production. This notion is further supported by data showing that depletion of both AMPK␣1 and AMPK␣2 eliminated suppression of glucose production by low concentration of metformin (80 M) ( Figs. 5h and 7g ). Low metformin concentrations (Ͻ50 M) activated AMPK activity (12) , and cAMP levels and AMP/ATP ratio were not affected at these concentrations (20, 29) , highlighting the essential role of AMPK in mediating the suppression of HGP by metformin at low concentrations observed in the portal vein.
Foretz et al. (20) also proposed that metformin administration did not affect Pck1 mRNA levels in primary hepatocytes. However, metformin significantly inhibited Pck1 and G6pc mRNA levels in vivo (Fig. 2, a and b) (11, 22) . The reason why FIGURE 10 . AMPK␣1 mutant (S485A) abolished the negative effect of cAMP on AMPK␣1 activation. a, 48 h after the addition of adenoviral FLAG-tagged AMPKS485A mutant in Hepa1-6 cells, 0.5 mM metformin (Met) and 0.2 mM Bt-cAMP were added, and cells were harvested 5 h after the incubation. FLAG-tagged AMPKS485A was purified by using FLAG immunoprecipitation (FLAG ip) kit (Sigma). pCREB, phospho-CREB. b, 36 h after adenoviral FLAG-tagged AMPK␣1 and S485A mutant were added to primary hepatocytes, cells underwent 3 h of serum starvation, and then medium was changed to glucose production medium supplemented with 0.25 mM metformin and 0.2 mM Bt-cAMP for another 4 h (n ϭ 3). p-AMPK␣1, phospho-AMPK␣1. * signifies that groups with the same treatment are significantly different (p Ͻ 0.05). NS, not significant. Error bars indicate mean Ϯ S.D.
high concentrations of metformin did not inhibit Pck1 mRNA in primary hepatocytes (20) is due to the fact that metformin and Bt-cAMP were added simultaneously. However, pretreatment with metformin significantly suppressed Pck1 and G6pc mRNA levels, and Bt-cAMP stimulated glucose production in a concentration-dependent manner (Fig. 1, a-c) . Importantly, pretreatment with low metformin concentrations also significantly suppressed Pck1 mRNA levels ( Figs. 1c and 5f) . These data suggest that activation of cAMP-PKA results in a negative effect on metformin action. Indeed, phosphorylation of AMPK␣ at Ser-485/497 by activated PKA negatively regulates the phosphorylation of AMPK␣ at Thr-172 and the activation of AMPK (Fig. 8, c-e ). Of note, activation of PKA by Bt-cAMP and phosphorylation of AMPK␣ at Ser-485/497 precedes the phosphorylation of AMPK␣ at Thr-172 (30 min versus 2 h) ( Fig.  8c) , and the AMPK␣ S485A mutant negated the negative regulation of Bt-cAMP on AMPK activity, resulting in the increased suppression of Bt-cAMP-stimulated glucose production by metformin ( Fig. 10, a and b) .
Moreover, a recent study demonstrated that the ATP and cAMP levels and the AMP/ATP ratio did not change in the liver of rats treated with metformin (39) . Of note, metformin did not affect the protein levels of phosphoenolpyruvate carboxykinase C (PEPCK-C) in the liver of healthy rats; however, the protein levels of G6pc, which is more sensitive to metformin (Fig. 1e,  left) , were not provided. These investigators proposed that metformin inhibits the enzymatic activity of glycerol-3-phosphate dehydrogenase to decrease ATP synthesis in mitochondria by blocking the NADH shuttle. This mechanism of metformin action may be important for the suppression of hepatic production in diabetic patients with high levels of serum lactate (39) .
In summary, our results confirm our previous report that metformin inhibits expression of gene related to gluconeogenesis (Figs. 1, b and c, and 2, a and b) (15, 40) , and other investigators have also shown that gluconeogenic gene expression is suppressed by metformin in euglycemic clamp experiments (11) and in mice with long term metformin administration (22) . Importantly, low metformin concentrations are able to suppress glucose production and gluconeogenic gene expression if hepatocytes are pretreated with metformin (Figs. 5, c, e, and f, and 7a) without increasing the AMP/ATP ratio (Figs. 6c and 7e).
